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AIRPLANEAT mANsoNIcSPEEDS,

INCLUDINGPOWEREFFEC?ES

ByRonaldJ.KnappandWallkceE. Johnson

suMMARY

Measurementshavebeenmadeon theBellX-1airplaneto determine
pressuresonthefuselagebasesmdon therearportionof thefuselage
duringlevelflightwithanairplanenormal-forcecoefficientof
approxhately0.4throughthetransonicMachnumberrsmgeto a Machb numberof1.19atan altitudeof k5,000feet.Measurementswerenot
onlymadethroughoutthisMachnuniberrangeinthepower-offcondition
butalaowiththerocketengineoperatimginorderthatsomeeffeetsof“ thejetonthepressureforthisconfigurationmightbe obtained.

Theresultsshowthatinthepower-off-conditionthefuselsgebase
pressureschangefrompositiveathighsubsonicflightspeedstonega-
tiveat lowsupersonicspeeds.Fressureswereessentiallyconstant
acrossthebase,thelevelofwhichagreedwelLwiththevaluesmeasured
onthefuselagesidejustforwardofthebase. At thesupersonicspeeds
of theseteststheflowalongthefuselageemendedsuuersonical.lvto
within2 feetof
occurred.

Theeffects
lsgebasesadon
pressureson the

thebase,a=whichpoin;a s-ufaceco&pressions-tick

of thejetwereto increasethepressureson thefuse-
a portionof thefusekgeforwsrdof thebase. The
baseremainednearlyconstantthroughouttheMachmmiber

rangeofthetests.At themibsonicflightspeedstheregionof jet
influenceextendedabout5 feetforwardofthebase. At thesupersonic

speedstheregiondiminishedtoabout1*feetforwardof thebaseat a

Machnumberof 1.19,thelimitof thetests.

4 ThroughouttheMachnuniberrangeof theteststheoperationof the
rocketsresultedina favorabledecreaseof fuselageandfuselagebase
pressuredrag.

v
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INTRODUCTION

●

Thefuselagebasepressuresandpressuresovertheconvergingrear
sectionof thefuselageareof considerableimportancebecauseofthe

.

roletheyplayinmakingup thefuselagedrag.Of furtherinterestare
thechangesinthesepressuresduetotheadditionof a Jetissuingfrom
thefuselagebase. Thesechangesmayhaveeithera favorableor detri-
mentaleffecton thefuselagedrag,dependinguponthejetconditions.

TheNACAHigh-SpeedFlightResearchStationatEdwardsAirForce
Base,Calif.,isatpresentconductingflighttestsinthetransonic
speedrangewiththeBeU X-1rocketresesxchairplane.Duringrecent “
flights,base-andfuselage-pressuremeasurementsweremadetodetermine
thefuselagebasepressuresinpower-offsndpower-onconditions,wing
liftcarry-overtofuselage,andtotalfuselageloads.

Thepurposeof thispaperistopresentananalysisof thepressure-
distributiondataobtainedoverthefuselagebase tmd over the re= Wrtion
ofthefuselageinlevelflightata highaltitudeandattransonic
Machnumbers.Alsopresentedaretheeffectsoftheoperationofthe
rocketengineuponthesepressures.

d

SYMBOIS .

free-streamhlachnumber

normalloadfactor

airplaneweight,lb

free-streamdynsmicpressure,lb/sqft

maximumfuse-e cross-sectiotiarea(16.5s-qft)} nw2

wingarea,includingareaprojectedthroughfuselage,130sqft

s% totalfuselagebasearea,1.26sqft

‘Bl fuselagebaseareaexcludingareaof operatingrockets

CHA a~lane normal-forcecoefficient,nW/qS

r= maxinuufuselageradius,2.29ft ,-
r

L fuselagelength,31ft

..-. =---- ““%
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P localstaticpressure,lb/sqft
&

Po free-streamstaticpressure,lb/sq

P P - PQpressurecoefficient,~

3

ft

Pcr pressurecoefficientforlocalsonicvelocity,assumingno
total-pressurelossalongstreamlinefromfreestresm

%B decreaseinpressure-dragcoefficient
additionof power,basedonmaximum

~J
areaA, ~ ‘ JJPB2 ‘% - SEA SB

2 1

Subscripts:

B fuselagebase

1 poweron

.- 2 poweroff

msx maximum

offuselagebasewith
fuselagecross-sectional

DESCRIPTIONOF URPIANEANDROCKI?IENGINX

TheBellX-1rocket-propelledresearchairplaneused
isshowninfigure1 snda three-viewdrawingshowingthe
SU dimensionsIsgiveninfigure2.

in thesetests
generalover-

Thea5x’@a.nefusebgeisa shsx’p-nosedbodyofrevolutionhavinga
finenessratioof 6.8withthemaximumdiameterlocatedatabout39per-
centof thefuselagelength.Thecenterlineof thevsriouEfuselage s
stationssweepsupwardgraduallyfromthe79-percentstationtothe
fuselagebasewhereit is5.5inchesabovethecenterlineof theairplane
(fig.3(a)).Thecircularcrosssectionof thefuselageismodified
justresrwardof the79-percentstation,taperinggradualdyto the
cloverleaf-shapedsectionof thefuselagebase(fig.3(b)).Photographs
of theresrpartofthefuselageandof thefuselA.gebaseareshownin
figure4.

A ReactionMotors,Inc.rocketengine,modelXIR1l-RM-3,using
J liquidoxygenfortheoxidizerandalcoholforfuel,isusedtopropel

theairplane.Eachof thefourrocketcyltirs hasa ratingof

.
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1500poundsof thrustandisdesignedforexpansiontosea-levelpressure b
at thejetexit;therefore,a considerabl.yunderexpandedjetexistsat

.-

thealtitudeofthesetests.Frommeasurementsof specificimpulsea
jet-exitvelocityofabout6~ feetpersecondhasbeendetermined.
The~et-exitMachnumberandtemperaturesreestimatedtobe approximately“-

.

2.5and1800°F, respectively.A drawingshowingtherocketnozzle
dimensionsandcontourispresentedasfigure5.

INSTRUMENTATION

i

StandardNACArecordinginstrumentswereusedtoobtainairspeed,
pressurealtitude,normalacceleration,andangleofattack.Fusehge
surfacepressuresweremeasuredby twoNACAmultiple-recordingmanometers.
Allrecordsweresynchronizedbya commontimkr.

l?ree-streamstaticanddynemicpressureswererecordedwithanNACA
high-speedpitot-statictubelocatedaheadofthefuselagenose. The
l%tal-pressuretubewasofthecylindrical-cavitytypedgscribedas
tubeA-6inreference1. Thistypeof tubewasusedbec-auseof its
insensitivenesstoflowinclination.Thestaticventswerelocatedata
distanceof0.6maximumfuselagediemetersaheadof thefuselagenose.

Fuselagesurfacepressuresweremeasuredfromflush-typeorifices
installedinthefusehgeskinandfuselagebase. Thelocationsof the
fuselageorificesnearthebaseareshowninfigure3(a)andthelocations
of thefusehgebaseorificessreshowninfigure3(b).Photographsof
theorificeinstallationssreshowninfigure4. Theorificeswerecon-

1 inchinside-diameteraluminumnettedtotheinstrumentcompartmentby ~-

tubing. Thealuminumtubingwasconnectedtothemanometercellsby

~-inch inside-diameterrubbertubing.Thealuminumtubingwasabout

17feetinlength.

MEASUREMENTANDREDUCTIONOFDATA

Surfacepressuresweremeasuredovertheleftsideandbaseof the
fuselagerehtivetothepressureintheinstrumentcompartment.Instru-
mentcompartmentpressurewasmeasuredrelativetothestaticpressure
at thepitot-statictube.Themeasuredstaticpressurefiscorrectedto
free-streamstaticpressureby useoftheradar-track@+-methodof
reference2.

r

.
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Theeffectsof laginthemeasurementof fuselageandbasepressures
havebeenneglectedbecauseinvestigationhasshowntheseeffectstobe
unimportantfortheratesatwhichthepressureswerechanginginthese
tests.

Thef_+selage-base-pressuredragwasobtainedby thesummationover
thebaseof theproductsoftherepresentativeareas,showninfigure6,
andtherespectivemeasuredpressures.Inthedeterminationofbase-
pressuredraginthepower-onconditiontherocketnozzleareasof the
operatingrocketswerenotusedbecausetheforceon theseareasshould
be consideredasthrustandnotas negative&ag. Inthedetermination
ofbase-pressuredraginthepower-offconditiontheentirefuselage
basecanbe consideredas contributingto thedrag;thus,thesxeas
includingtherocketnozzleswereused.

ACCURACY

Estimationsbasedon therecord@ pressureinstrumentsandmethods
of calibrationindicatethattheaccuraciesofthereportedquantities
areas follows:

Machnumber,M . . . . . . . . . . . . . . . . . . . . . . . . . =.01
Pressurecoefficient,P . . . . . . . . . . . . . . . . . . . . . @.03

Theaccuracyof theintegrateddragcoefficients,basedon the
accuraciesof thepressurerecorders,integrativemethods,andthecover-
ageof thetestda~aisestimatedto-be:

%) ~””””””””””””””””””””

TESTS

Thedatapresentedhereinwereobtained
theMachnunberrangefromO.77to 1.19with
runwithpoweroff,deceleratingthroughthe
to0.86. Thepower-onrunwasobtainedwith

to.002. . . . . . . . . .

froma speedrunthrough
poweron,andfroma level
Machnumberrangefrom1.19
tworocketcylinderson

froma Machnumberof0.77toO.w atwhichpointa thirdrocketcylinder
wasfired.At M = 1.00 thefourthrocketwasfiredtoobtainmaximum
thrust. Allfourrocketsremdnedon toa Machnuniberof 1.19andthen
allwereturnedoff. E&h thepower-onandpower-offportionsof these
datawereobtainedforan airplanenormal-forcecoefficientof about0.4
atan altitudeofabout45,000feet. TheReynoldsnumbers,basedon the
fuselagelength,vsriedfrom33.7x 106to 67.1x 106.



6

RESULTSANDDISCUSS1ON
—

NACARM L521.01

Thepressurecoefficientsobtainedfromthefuselagebaseorifices,
thefuselagesideupperrowoforifices,andthefuselagesidelowerrow
of orificesduringboththepower-offandpower-onflightthroughoutthe
Machnumberrangesrepresentedinfigures7 to9,respectively.Com-
pletedataarenotavailableforlower-roworificestati~s36o,366,
and369becauseof intermittentinstrumentfailure.Thefairingofthe
incompletedata(fig.9)w accomplishedwiththeaidof similardata
obtainedduringlaterflights.At variousselectedMachnumbersplots
ofthepressuredistribution,poweroffandpoweron,havebeenmadefor
thefuselagebaseandtherearwardpartofthefuselageside.These
pressure-distributionplotsareshowninfigure10.

The
remained

Power-offPressures

pressuresinthepower-offcondition,asmaybe seeninfigurelo,
essentiallyconstantoverthefuselagebasethroughouttheMach

numberrangeof thetests.Thelevelofbasepressure,however,varied
withMachnumberthroughoutthisrange.Figure7 showsthatthesevalues
ofpressurecoefficientwerepositiveandgraduallyincreasedfromabout
0.10toa peakof0.15astheMachnumberincreasedfromO.86to0.95.

*

Witha furtherincreaseinMachnunberthebasepressuresshoweda rapid
decrease,becsmenegativeataboutM = 1.02,sadreacheda valueof
-0.10at M=l.08.

.
Thevalueofbase-pressure-coefficientlevelwas

maintainedatthisvalueof -0.10from M . 1.08 to M = 1.13,above
whichitfurtherdecreasedtoa valueofabout-0.30astheMachnuniber
wasincreasedto1.19,thelimitofthetests.

Fortheorificesonthefuselagesidenearestthebase,thepres-
suresshowthattherewasa definitecorrelationbetweentheflowcondi-
tionsattheseorificesandthepressurelevelof thebase. Thiscor-
relationmaybe seenby comparingtheplotsof.ressurevariationwith
Machnumberfororificestation369infigures1!and9 withthosefor
thebaseorificesinfigure7. Themarkedsti”larityshowsthatthe
base-pressurelevelwasadjustedto approximatelythevalueof thepres-
sureon thefuselage@st forwardof thebase--- —

Thepressure-distributionplotsfortherearwardportionof fuse.
l.age(fig.10)showthatwithpoweroffthelower..orifice-rowpres-
surecoefficientsremainednearlyconstantata valueofabout0.05
for M . 0.86. Theupper-rowvaluesatthisMachn~er. however,did
notremainso
station336.
syrface.sho*
catethatthe

constantandshoweda peaknegativevalue~f -0.21&
Thisu~er-rowvariationisnotdueto formationofa
waveinthisregionbecausethevaluesofp~essureindi-
flowthroughouttheregionwas@efinitelystisonic.Upon
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inspectionof thefilmrecordtraces,no evidenceofpressurefluctua-
tiondueto separationwasfound.

As thefllghtMachnuniberwasincreasedto0.97thepeaklocalMach
ntiersbecomesUghtlysupersonic,butthedistributionremainsessen-
tiallythesameas atthelowerflightMachnumbers.Theflowaboutthe
verticalandhorizontaltailswasprobablythemainfactoraffectingthe
variationofupper-rowpressuresalongthefuselageinthisregion.

At a Machnumiberof 1.0(fig.10)thepressurecoefficientsaresuch
astoassurelocal.s~ersonicflowovertherearportionof thefuse-
lage.A surfaceshockonbothorifice rowsisindicatedon thedistri-
butionsduetotheadversepressuregradientsnearstation360.

As theflightspeedwasincreasedtoa Machnumberof 1.19,the
limitof thetests,thepower-offflowremainedsimilartothatat a
Machnuder of 1.00,althoughtheflowdidexpandtohighersupersonic
localMachnumberstogetherwitha slightrearwsrdmovementof theshock.

JetEffects

Itmaybe seenfromfigures7 and10thattheoperationof the
rocketscausedmarkedchangeson theairplanefuselagebasepressure.
Inallcasesthepower-onvaluesofbasepressureweregreaterthanthe
power-offvalues.In spiteofthefactthatsomeofthepower-ontests
weremadewithonly2 or3 rocketsoperating,onlya smallnonsystematic
vsriationfroma constantpressureacrossthebasecouldbe found
throughoutallof thepower-ontests.Thedataof figure7 showthat,
forthepower-oncondition,thebasepressurecoefficientshada value
ofapproximately0.2throughtheMachnuuiberrangefrom0.77to0.9
andalsothroughtherangefrom1.00to 1.19,thelimitof thetests.
Therewasa slightincreaseofpressurecoefficientto approximately0.28
throughtheMachnmiberrangefromO.90to 1.00. Theslightincrease
inpressurecoefficientsexhibitedat severalof theorificesata Mach
nuaiberof0.9 nezml.ycoincidedwiththefir- ofa thirdrocket.
However,at a Machnuniberof 1.00,whenthefourthrocketwasfired,the
oppositeeffectwasevidenced;thisresultindicatedthatthisslight
-e inpressurelevelwasa Machnunibereffectandnotdueto the
rockets.

Thedesignoftherocketnozzlesresults,atthealtitudeof these
tests,inthejetflowleavingthenozzlesatan exitstaticpressure
of approximatelyseventtiesthefree-streamstaticpressure.These
underexpandedjetsexpmd suddenQuponleavtngtheconfinesof the
nozzles,withan interactionbetweenneighboringjetssuchas toforcea

● greaterexpansionattheouterperiphery.Thisresultantsupersonicflow,
uponbeingdirectedobliquelyintotheexternalstresm,formsa

.
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jet-boundarycompressionshockatthepointof intersection.It is
believedthata pressurefeedbackfromthe-high-pressure..regionfollowing i
thisshockthroughthesubsonictixfI’w region between the two stre~s to.
theregionofthebaseis instrmnentalincausingthehigherpressures
overthebaseInthepower-oncondition.Thehigh-press–tieregionfome~ “’-“ ~
by therestrictedexpansionthejetsforceupononeanotherisconsidered
asan additionalfactorincausingthehighpressureonthebase(fig.7).

Reference3 reportsan increasingbasepressurecoefficientwith
increasingratioof Jettotal.pressuretofree-streamstaticpressure —
forthemodeltestsata Machnurherof 1.91.””Thiseffect”wasevident
forratiosof jettotalpressuretofree-streamstaticpressurefrom3
to15,thelimitofthetests,andwasattributedtoa pressurefeedback
similartothatmentionedabove.ExtremelyhighratiosOf.iettotal
pressuretofree-streamstaticpressure,slightlyinexcessof 100,
existedfortheBellX-1airplanetestsofthispaper.

It isapparentfromthepressuredistributionscwer_therem portion
offuselage(fig.lo)thatthishigh-pressurefeedbackwascontinued ‘“
forwardthroughthesubsonicboundarylayer.Thisconditionis true
throughouttheMachnumberrangeofthetests,theeffectbeingto increase
thepressureovertheentireportion.of fuselagethatthejetinfluence
isfelt.Thisregionof influencewasmainta~edwithintherearward
5 feetoffuselagefroma Machnumberof0.86, the lowerlimitofthe

.

tests,toa Machnumberof approximatelyO.99.At thisMachn~ber the
regionwassuddenlyreducedtotherearward3 feetoffuse~ge. The .
regionof jetinfluenceslowlydecreasedtoabouttherearward 1*feet

of fuselageas theflightMachnumberwasfurtherincreasedto 1.19,the
limitof thetests.Thedifferenceinpressuredistributionbetweenthe
power-offandpower-onconditionswithintheregionof j-etinfluence
(fig.10)waslargeratthesupersonicfl-ightspeeds.At thesespeeds

——

thesurfacecompressionshockwhichoccursinthepower-offconditionwas- “-
eithermovedforwsrdor completelyeliminatedby theadditionofpower.

Theincreasedpressureoverthefuselagebasecausedbythejet
produceda favorabledecreaseoffuselagebasepressuredragfromthat
withpoweroff. ThevariationwithMachnumberofthec–hangeinbase-
dragcoefficientisshowninfigureU tobe similartothedifference
inbasepressurelevelbetweenpower-on~d power-offco-fiditfons~re~~ed
nearlyconstantatthemibsonicspeedsandincreasedwithincreaseof
supersonicMachnumber.13ecauseof insufficientcoverageof orificesover
theregionof jetinfluenceonthesideofthefuselageit wasnotpossi-
bletoobtainthechangeinfuselagepressure-dragcoefficientdueto
powereffects.Itwasappsrentfromthepressuredistributions(fig.loj
thata furtherfavorabledecreaseoffuselagepressure@s& fromthat
withpoweroffwouldbe obtainedfromthisre$ion”

—

—
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Pressure-distributionmeasurementshavebeenmadeoverthefuselage.
baseandrearportionoffuselageoftheE?ellX-1rocket-poweredatrplane
inlevelflight(normal-forcecoefficientofapproximately0.4)through
thetransonicMachnmiberrangetoa Machnuniberof 1.19at an altitude
of 45,000feet.MeasurementsweremadethroughoutthisMachnuuiberrange
inthepower-offconditionandalsowiththerocketengineoperatingin
orderthatsomeeffectsofthejetonthesepressuresfortheBellX-1
fuselageconfigurationandengineinstallationmightbe determined.
Thefollowingresultswereobtained:

Inthepower-offcondition,thepressuresoverthefuselagebase
showeda considerablevariationwithMachnumber,werepositiveathigh
subsonicspeeds,changedto a negativevalueneara Machnumberof 1.0,
andremainednegativeforthesupersonicpartofthetests.Pressures
werenearlyconstantacrossthebaseatallMachnunibersof thetests.
Thebasepressuresandthepressuresmeasuredatthefuselageside
orificesneerestthebasewerenearlyequalat allMachnunibers.

Thepressuredistributionsalongtheresrportionof fuselage
indicatedthat,at supersonicspeedsinthepower-offconditions,the
flowexpsmdedsupersonicallyto somepointwithin2 feetof thefuse-
l+$ebase,atwhichpointa surfacecompressionshockoccurred.At
Machnumbersbelowabout0.97therewasno etidenceof a shock.

Theoperationof therocketsaffectedthepressuresoverthefuse-
lagebaseend,in contrastto thepower-offcondition,therewasbut
littlechangein thebasepressurewithincreasingMachnumbers.The
power-ontestsweremadetithtwotofourrocketsoperating,butno
systematiceffectduetonumberofrocketsonthepressurevariation
acrossthebasecouldbe determined.Inallcasesthepower-onbase-
pressurecoefficientshada valueof about0.1to0.2,whichwasgreater
thananyofthepower-offvaluesmeasured. L

Thisincreaseinbasepressurecausedbytheoperationof the
rocketswascarriedforwardalongfuselageside.Theregionaffectedly
rocketoperationwasconfinedtowithintherearwsrd5 feetof thebase
atMachnumbersfrom0.86to about0.99abovewhichtheregionwas
reducedanddecreasedtoabout1*feetfromthebaseata Machnumberof
of1.19.
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ThroughouttheMachnumberrangeof theteststheQperationof the
rocketsresultedina’favorabledecreaseinthefuselageandfuselage-
basepressuredrag.

.-

.

LangleyAeronautical.Laboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.

1.Gracey,William,Coletti,
TunnelInvestigationof
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Figure2.-Three-viewdrawingofBellX-1airplane.
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Figure4.-Photographof locationsof pressure-masuring orifices on
fuselageof MU X-1 atfplam.
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Figure4.-Concluded.
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Figure6.- Representativeareasusedwitheachrespectiveorificein “-
thedeterminationofbasedrag.
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Figure7.- VariationofpressurecoefficientonfuselagebasewithMach
numberinpower-onandpower-offflightonBellX-1airplane.
CNA= 0.4.

—
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